ABSTRACT
INTRODUCTION

54
Mechanical strain is the major feedback system regulating bone mass. The strain-55 driven feedback system senses the incident mechanical strain within the loaded bones. 56
This results in formation of bone at sites subjected to increased loading in order to 57 provide each bone with a mechanically appropriate size, shape, and architecture (2, 58 38) . 59
In humans, the concentration of insulin-like growth factor-I (IGF-I) in serum is 60 decreased in patients with osteoporosis (42), and low serum levels of IGF-I are 61 associated with high fracture risk in postmenopausal women (3) and in elderly men 62 (19) . In experimental models, IGFs are the most abundant growth factors produced by 63 bone cells and stored in bone matrix (20) . IGF-I promotes bone formation (16), and its 64 expression is upregulated in bone cells in response to mechanical loading (8, 20) . 65
Finally, conditional disruption of local IGF-I in osteoblasts (9) or osteocytes (12) 66 resulted in loss of the bone anabolic effect of mechanical loading (9, 12) . 67
The major part of serum IGF-I is liver-derived (20, 23, 43) . In addition to regulation 68 by growth hormone (GH) (20), serum IGF-I levels are also affected by food intake, 69 exercise and age (20) . A mouse model with liver-specific, inducible inactivation of 70 the IGF-I gene, using the Cre-LoxP conditional knockout system, has been developed 71 (LI-IGF-I -/-mice) (20, 23) . The selective inactivation of the IGF-I gene in the liver 72 results in approximately 70-80% reduction in serum IGF-I concentration, whereas the 73 expression of IGF-I is unaffected in other tissues including bone (20, 23) . GH 74 secretion is increased in LI-IGF-I -/-mice secondary to decreased negative feedback by 75 serum 40) . The LI-IGF-I -/-mice have increased peripheral vascular 76 6 three times a week for two weeks. High-resolution micro-computed tomography 113 (μCT) followed by three-point bending were used to assess the osteogenic response of 114 the loaded (right) versus the non-loaded (left) tibiae. 115
Mechanical strain measurement during dynamic axial loading 116
The magnitude of longitudinal mechanical strain applied to the tibia during loading 117 was established ex vivo in a sub-sample of female mice (6-month-old LI-IGF-1 -/-and 118 control mice: n=5 and n=4, respectively; 19-month-old LI-IGF-1 -/-and control mice: 119 n=3 and n=2, respectively). The ex vivo measurements were performed in 120 postmortem, intact mice with the tibiae still attached to the body of the animals. In 121 each mouse, a single element strain gauge (EA-06-015DJ-120, Vishay Measurement 122 Group, PA) was bonded with cyanoacrylate adhesive in longitudinal alignment to the 123 medial aspect of the tibia at 37 % of its length from the proximal end. Previous 124 studies have shown that this region corresponds to the site of greatest osteogenic 125 response to similar loading (28). Strains were measured across a range of peak 126 compressive loads applied with a ramped trapezoidal waveform using a 3100 127 ElectroForce® Test Instrument (Bose Corporation, Eden Prairie, MN) with the same 128 holding cups that were later used for in vivo loading. When the compressive force is 129 applied to the tibia the bone bends in the medial-lateral direction, resulting in tension 130 on the medial surface and compression on the lateral surface (35). From the ex vivo 131 data, a peak load [in Newton (N)] corresponding to 3500 ± 150 µε at the gauge site 132 was used for the 19-month-old mice, and 2800 ± 500 µε at the gauge site was used for 133 the 6-month-old mice in the in vivo loading experiments. A higher strain at the gauge 134 site was used in 19-month-old-mice based on previous findings that if a similar strain 135 is applied, mechanical loading will produce a lower osteogenic response in older7 female mice compared to younger female mice (15). Therefore, we used a higher 137 strain at the gauge site in the 19-month-old mice to have comparable osteogenic 138 responses to mechanical loading in both age groups of mice. Linear regression 139 analysis allowed calculation of peak loads as given in Fig. 1 . Based on the ex vivo 140 measurements, the peak loads in the in vivo loading experiments were 11.0 N in 19-141 month-old control mice, 10.7 N in 19-month-old LI-IGF-I -/-mice, 13.5 N in 6-month-142 old control mice, and 11.5 N in 6-month-old LI-IGF-I -/-mice. 143
In vivo tibia loading 144
The protocol for non-invasively loading the mouse tibia has previously been reported 145 (1, 26, 37, 41) . Briefly, while under inhalation anesthesia with Isoflurane (Forene;  146 Abbot Scandinavia, Solna, Sweden), the right tibia of mice aged 6 months (control, 147 n=11; LI-IGF-I -/-, n=9) or 19 months (control, n=8; LI-IGF-I -/-, n=7) was axially 148 loaded on 3 alternate days per week for 2 weeks (day 1, 3, 5, 8, 10 and 12) for 40 149 cycles/day with a trapezoid waveform, with 10 sec rest between cycles. The loads 150 were applied using a 3100 ElectroForce® Test Instrument (Bose Corporation, Eden 151 Prairie, MN). The left tibia was not manipulated and was used as a non-loaded control 152 to allow side-to-side comparisons for the effects of loading on bone modeling. The 153 use of the contra-lateral limb as a control (1, 27) has been validated by comparing 154 remodeling in the bones of limbs contra-lateral to those used in loading experiments 155 with that in normal limbs of separate animals to which no loads had been applied (1, 156 27). All mice were allowed normal cage activity between loading sessions. The mice 157 were euthanized after completing the 2 weeks of loading (day 15), and their tibias 158 dissected free of soft tissue, fixed for 48 hours in Bürkhadt's solution and stored in 159 100% ethanol. 160 high-resolution micro-computed tomography (μCT) analyses were performed using 163 an 1172 micro-CT model (Bruker, Aartselaar, Belgium) as described previously (6, 164 18). The trabecular bone parameters were analyzed in the proximal metaphyseal 165 region while the cortical bone parameters were analyzed in the diaphyseal region of 166 tibia (6, 18). For BMD analysis, the equipment was calibrated with ceramic standard 167 samples. 168
Three-point bending analyses 169
The three-point bending test (span length 5.5 mm, loading speed 0.155 mm/s) at the 170 mid tibia was made using the Instron universal testing machine (Instron 3366, Instron 171
Corp., Canton, MA). Based on the recorded load deformation curves, the 172 biomechanical parameters were acquired from raw-files produced by Bluehill 2 173 software v2.6 (Instron Corp.), with custom-made Excel macros. 174
Statistical analyses 175
All descriptive statistical results are presented as the mean (SEM). Within-group 176 differences were calculated using paired t-tests. Between-group differences were 177 calculated using a 2-way (age and genotype) analysis of variance (ANOVA). Linear 178 regression analysis was used to calculate the relationship between peak dynamic load 179 and strain at the gauge site. A two-tailed P < 0.05 was considered significant. 180 181 182 183
Liver-specific inactivation of the IGF-I gene was induced at one month of age in 187 female mice aged 6 months at the loading experiments, and at 12 months of age in 188 female mice aged 19 months at the loading experiments. This resulted in reductions of 189 serum IGF-I concentrations of 72% in 6-month-old mice and 67% in 19-month-old 190 mice ( Table 1 ). As could be expected, serum IGF-I was lower in the 19-month-old 191 control mice than in the 6-month-old control mice ( the analyses using 2-way ANOVA demonstrated that cortical bone area, cortical bone 198 mechanical strength, and trabecular bone volume fraction (BV/TV) were reduced in 199 the 19-month-old mice compared to the 6-month old mice (Table 2 ). Trabecular 200 separation was increased in the 19-month-old mice compared to the 6-month-old mice 201 (Table 2) . 202
The LI-IGF-I -/-mice had markedly reduced cortical bone mechanical strength 203
(maximal load at failure as well as stiffness) of tibiae compared to the control mice 204 (Table 2) . Cortical area and cortical volumetric BMD (vBMD) were lower in the LI-205 IGF-I -/-mice than in the control mice whereas cortical porosity was increased in the 206 LI-IGF-I -/-mice (Table 2 ). Trabecular bone volume fraction (BV/TV) was unchanged 207 although trabecular thickness was slightly decreased in the LI-IGF-I -/-mice compared 208 to the control mice (Table 2) . Furthermore, the 2-way ANOVA analyses did not show 209 any significant age x genotype interaction effects ( Table 2 ), suggesting that the 210 observed influences of genotype were similar in the two age groups of mice. 211
Liver-derived IGF-I is dispensable for the osteogenic response to loading 212
Representative high resolution µCT images from 6-month-old mice are shown in Fig.  213 2. Mechanical loading increased cortical bone area and trabecular bone volume 214 fraction (BV/TV) in the loaded right control tibia compared to the non-loaded left 215 control tibia (Table 3) , showing that the experimental procedures were successful. 216
The osteogenic response to loading on cortical bone area, cortical bone mechanical 217 strength and trabecular bone volume fraction (BV/TV) were not affected by age 218 (Table 3) , suggesting approximately similar osteogenic response to mechanical 219 loading in both age groups of mice. 220
Importantly, LI-IGF-I -/-and control mice had a similar bone anabolic response to 221 mechanical loading in terms of cortical bone area and trabecular bone volume fraction 222 (BV/TV; Table 3 ). Furthermore, only the LI-IGF-I -/-mice increased significantly in 223 cortical bone mechanical strength (maximal load at failure) as assessed using three-224 point bending (Table 3 ). In line with these findings, LI-IGF-I -/-mice had, as compared 225 to the control mice, a significantly less marked increase in cortical porosity in 226 response to mechanical loading (Table 3 ). The 2-way ANOVA analyses did not show 227 any significant age x genotype interaction effects ( Table 3 ), suggesting that the 228 observed influences of genotype were similar in the two age groups of mice. 229 levels of IGF-I in serum are associated with increased fracture risk (3, 19) . Although 233 the underlying mechanisms are not fully clear, the phenotype of mice with 234 inactivation of liver-derived IGF-I is in accordance with these findings with cortical 235 bone osteopenia and fragile bones (20, 24, 44) . Recent studies show that conditional 236 disruption of locally produced IGF-I in osteoblasts (9) or osteocytes (12) results in 237 loss of the responsiveness to mechanical strain (9, 12). It is, however, unknown 238 whether circulating, liver-derived IGF can affect the cells in bones that regulate the 239 mechanostatic functions of bone. Here, we demonstrate that liver-derived IGF-I is 240 dispensable for the osteogenic response to mechanical loading. 241
In most models of total or cell-specific knockout of IGF-I, the role of IGF-I in adult 242 life is difficult to evaluate due to the possible effect of absence of IGF-I activity 243 during pre-and postnatal development (20). In the 6-month-old and 19-month-old LI-244
IGF-I
-/-mice of this study, the deficiency of endocrine, liver-derived IGF-I was 245 induced at one and 12 months of age, respectively. Consequently, the mice developed 246 normally but then underwent a maintained, selective inactivation of IGF-I in 247 hepatocytes, whereas IGF-I expression remained normal in the peripheral tissues as 248 shown in several previous studies (7, 13, 23-25, 29-34, 36, 40) . 249
One limitation of the present study is that dynamic cortical histomorphometry was not 250 performed. Furthermore, LI-IGF-I -/-mice display compensatory increased GH levels 251 (20, 23, 40) . Under non-loaded conditions, despite the compensatory increase in GH 252 secretion (20, 23, 40) , the expression of IGF-I in bones are not increased in the LI-253 IGF-I -/-mice compared to control mice (20, 24) . It is well known that IGF-I is 254 upregulated in bone cells in response to mechanical loading (8, 20) , and it cannot be 255 excluded that this loading-induced upregulation of IGF-I in bones could be enhanced 256 in the LI-IGF-I -/-mice. It was not possible to measure IGF-I locally in tibia in the 257 present study as the experimental procedures included µCT and three-point bending. 258
Therefore, an additional study limitation is that we did not include additional groups 259 of LI-IGF-I -/-and control mice to study the effect of mechanical loading on the local 260 expression of IGF-I in tibia. However, our aim was to investigate whether liver-261 derived IGF-I has specific effects on the osteogenic response to mechanical loading 262 that is independent of the locally produced IGF-I in bone cells. 263
Previous studies show that deficiency of liver-derived IGF-I results in reduced 264 cortical bone mass (20, 24, 44) . We confirmed this cortical bone phenotype by 265 comparing the non-loaded tibia of LI-IGF-I -/-and control mice. Of special interest are 266 the 19-month-old female mice with inactivation of IGF-I in hepatocytes at 12 months 267 of age. This timespan (12-19 months of age) might resemble the age-related decline in 268 serum IGF-I observed in elderly humans more closely than early inactivation of liver-269 derived IGF-I. In the present study as also seen in studies of 55-week-old mice (24) 270 and 2-year-old mice (4), cortical bone area decreased in the control mice as well as in 271 the LI-IGF-I -/-mice during aging. However, in the 6-month-old LI-IGF-I -/-mice as 272 well as the 19-month-old LI-IGF-I -/-mice, cortical area was lower than that in the age-273 matched control mice as assessed using µCT. 274
We observed markedly reduced cortical bone mechanical strength in the non-loaded 275 LI-IGF-I -/-tibia as compared to the non-loaded control tibia independent of the age of 276 the mice. Moreover, cortical vBMD was reduced and cortical porosity was increased 277 in both age groups of LI-IGF-I -/-mice compared to the controls. Thus, our results 278 reduced cortical bone area. Finally, the LI-IGF-I -/-mice had slightly lower trabecular 280 thickness compared to the control mice, which is in line with previous data in 2-year-281 old mice deficient of liver-derived IGF-I (4). 282
The main objective of the present study was to investigate the importance of adult 283 inactivation of liver-derived IGF-I in hepatocytes for the bone anabolic response to 284 mechanical loading. We performed experiments in both young adult and old mice 285 using an established experimental procedure, which evaluates the loading-induced 286 increases in bone parameters in the loaded right tibia compared to the corresponding 287 values in the non-loaded left tibia. In both groups of control mice, cortical bone area 288 and trabecular bone volume fraction (BV/TV) increased. This shows that the 289 experimental procedures were successful and that also the aged bone can adapt to 290 mechanical strain, suggesting that physical exercise can produce loading-induced 291 increases in bone mass in aged mice. Furthermore, the LI-IGF-I -/-mice had similar 292 responsiveness to loading as the controls in terms of cortical bone area and trabecular 293 bone volume fraction (BV/TV) independent of age. Importantly, this clearly shows 294 that liver-derived circulating IGF-I is dispensable for both the cortical and trabecular 295 bone anabolic response to mechanical loading in the presence of unchanged 296 expression of locally produced IGF-I. 297
In response to mechanical loading, only the LI-IGF-I -/-mice had an increase in 298 maximal load at failure. Furthermore, the LI-IGF-I -/-mice displayed a lower increase 299 in cortical porosity and a more marked increase in trabecular thickness in response to 300 mechanical loading. Although the effect on cortical bone mass is well defined in the 301 present experimental setting, less is known of the effects on cortical porosity andmechanical strength. It has previously been demonstrated that mechanical loading 303 increases cortical porosity (11). The recruitment of osteoblasts increases within a 304 couple of days of mechanical loading (39), and a strong increase in bone formation is 305 seen during the first weeks of loading (21). A new steady state, as indicated by a 306 normalization of bone formation rate, is seen within 6 weeks (21). Thus, the 307 remodeling of bone is not completed after 2 weeks of increased mechanical loading as 308 in the present study and therefore, it is not clear how the new steady state conditions 309 might be in the LI-IGF-I -/-tibia or the control tibia. However, our results with 310 increases in the amount of cortical as well as trabecular bone and increased 311 mechanical strength in response to loading in the LI-IGF-I -/-tibia clearly demonstrate 312 that liver-derived, circulating IGF-I is dispensable for the bone anabolic response to 313 mechanical loading. 314
In the presence of normal circulating IGF-I, previous studies demonstrated that 315 disruption of locally produced IGF-I in osteoblasts or osteocytes results in reduced 316 cortical bone mass (5, 22). Furthermore, in mice with global inactivation of IGF-I, the 317 reduction of cortical bone mass is larger than that observed in mice with knockout of 318 liver-derived or locally produced IGF-I (17). Therefore, both liver-derived IGF-I and 319 locally produced IGF-I are needed to achieve a normal cortical bone mass and they 320 cannot replace each other. In contrast, liver-derived IGF-I is dispensable for the 321 osteogenic response to mechanical loading as shown in the present study whereas 322 locally produced IGF-I is required for a normal response to loading (9, 12). Based on 323 these findings, we propose a model in which both liver-derived and locally produced 324 IGF-I are essential for cortical bone mass at normal non-loaded conditions, whereas 325 only locally produced IGF-I is needed for the bone anabolic response to mechanical 326 loading (Table 4) observed (3, 19, 20, 42) . Although the importance of our findings for conditions in 342 humans is not fully clear, our observation that IGF-I is dispensable for the bone 343 anabolic response to mechanical loading could suggest that increased loading (i.e. 344 physical exercise) can increase bone mass independent of the circulating level of IGF-345 I. Therefore, increased weight-bearing physical activity might, at least partly, 346 counteract the consequences of low circulating IGF-I. 347
In conclusion, in 6-month-old mice as well as in 19-month-old mice, we confirm that 348 liver-derived IGF-I is required for normal cortical bone mass. In addition, we show 349 that deficiency of endocrine IGF-I results in increased cortical porosity. 
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